Earlier work pointed out that the radar cross section (RCS), owing to the doublepassage effect on waves propagating through random media, is enhanced by a factor ranging from one up to three. However, our study has manifested numerically a strong enhancement in RCS of targets with concave-convex surfaces in continuous random media, by taking account of boundary conditions of waves on targets. We have found that when a plane wave illuminates a convex portion of the concave-convex conducting target in a random medium, the factor of enhancement oscillates about two with target size. Moreover, this enhancement becomes quite large at certain target shapes and also under a specific condition of target size and spatial coherence length of the incident H -wave. The large enhancement is considered as an anomalous feature in the behaviour of backscattered waves in random media. By analysing the scattering problem for beam-wave incidence on the same target in free space, we manifest the mechanism of such anomalous enhancement.
Introduction
Wave propagation and scattering in random media is an important research field that has been investigated by many researchers for many decades. The major interest for radar researchers is the formulation of waves in random media and the clarification of medium effects on radar detection. The double-passage effect on waves propagating in random media produces a pure enhancement of the backscattering, i.e. an enhancement of the average intensity of the backward reflected waves in a large-scale randomly inhomogeneous medium [1] . The enhancement in radar cross section (RCS) can be explained by the coherent addition of doubly scattered waves, which add in phase only in the backward direction [2] . This enhancement may be regarded as the occurrence of point-target scattering from a radar detection point of view. For radar detection of a target of finite size, we need to solve the problem of wave scattering from targets in random media as a boundary value problem. One of authors has presented a method and shown numerical results for RCS of conducting convex bodies such as circular and elliptic cylinders [3] [4] [5] [6] . In the numerical analysis, a continuous random medium has been assumed and the backscattering enhancement in the medium has already been reported [1, 7, 8] . It has been shown in [5, 6] that the spatial coherence length (SCL) of the incident wave around the target plays a role in the determination of the behaviour of RCS of convex targets in random media. Most recently, numerical results as an extension for the previous results were presented for the RCS of a conducting cylinder with a concaveconvex surface [9] [10] [11] [12] . In those studies, we found a strong enhancement in RCS when a transverse magnetic wave (H -wave), propagating in random media, illuminates directly a convex portion of the target. Consequently, we have undertaken a numerical investigation of the backscattering enhancement and, in particular, we focus on such a strong one. Here, we investigate the enhancement quantitatively and the conditions under which it may happen.
In fact, owing to coupling between direct and creeping waves for H -wave incidence, the degree of backscattering enhancement undergoes rapid change with the target size. However, in earlier studies dating back to Ishimaru [8] , who clarified that RCS is enhanced by a factor ranging from one to two (Rayleigh) to three because of the correlation between the uplink and downlink fields in a turbulent medium without preciously taking account of the target size. Here we will show that the backscattering enhancement is also affected by the target parameters and its illumination portion; in particular, the strong enhancement is affected largely by both of these circumstances. This reveals that RCS of conducting targets in random media is not only dependent on both effects of SCL of incident waves and the double-passage effect. It is, therefore, extended to take account of target parameters.
In this work, we assume a continuous random medium and use our method presented previously [5] to show that such strong enhancement only occurs at certain and limited shapes and sizes of cylinder. We consider the case where the incident wave becomes incoherent enough around a conducting cylinder although it maintains a finite SCL. To establish a basis for interpretation of that strong enhancement occuring for a finite SCL, we will consider the scattering problem of a beam wave with the spot size SCL in free space. The time factor exp(−iwt) is assumed and suppressed in the following section.
Formulation
The geometry of the problem is shown in figure 1 . A random medium is assumed as a sphere of radius L around a target of mean size a L, and also to be described by the dielectric constant ε(r), the magnetic permeability µ and the electric conductivity σ . For simplicity ε(r) is expressed as
where ε 0 is assumed to be constant and equal to the free space permittivity, and δε(r) is a random function with
and
Here, the angular brackets denote the ensemble average and B(r, r), l(r) are the local intensity and local scale size of the random medium fluctuation, respectively. Also µ and σ are assumed to be constant; µ = µ 0 , σ = 0. For practical turbulent media the conditions B(r, r) 1, kl(r) 1 may be satisfied, where k = ω √ ε 0 µ 0 is the wavenumber in free space. Therefore, we can assume the multiforward scattering and single backscattering approximation and the scalar approximation [7, 13] . Consider the case where a directly incident wave is produced by a line source f (r ) Figure 1 . Geometry of the problem of wave scattering from a conducting cylinder in random media.
distributed uniformly along the y-axis. Then, the incident wave is cylindrical and becomes plane approximately around the target because the line source is very far from the target. Here, let us designate the incident wave by u in (r), the scattered wave by u s (r) and the total wave by u(r) = u in (r) + u s (r). The target is assumed to be a conducting cylinder, the cross section of which is expressed by
where φ is the rotation index and δ is the concavity index. We can deal with this scattering problem two dimensionally under the condition (3); therefore, we represent r as r = (x, z).
According to the polarization of the incident waves, E y or H y , where E y , H y are the y component of the electric and magnetic fields, respectively, we can impose two types of boundary condition on wave fields on the cylinder surface S: the Dirichlet condition (DC) for E-wave incidence and the Neumann condition (NC) for H -wave incidence,
where ∂/∂n denotes the outward normal derivative at r on S. In (5), u(r) represents E y , while in (6) u(r) represents H y . According to our method [3] [4] [5] , using the current generator Y E , Y H and the Green function in a random medium G(r|r ), we can express the surface current wave as
where u in (r 1 |r t ) = G(r 1 |r t ) whose dimension coefficient is understood. Then, the scattered wave is given by
for H -wave incidence (8) which can be represented by
for E-wave incidence
for H -wave incidence.
Therefore, the average intensity of backscattering wave for E-wave incidence is given by
and for H -wave incidence as
Here, Y E and Y H are the operator that transforms incident waves into surface currents on S and depends only on the scattering body. The current generator can be expressed in terms of wavefunctions that satisfy the Helmholtz equation and the radiation condition; that is, for Eand H -wave incidence, the surface current is obtained as 
The above equation is sometimes called the 'reaction' equation as named by Rumsey [14] . 
in which its m, n element is the inner product of φ m and φ n :
where A H is A E of (15) with (φ m , φ n ) replaced by (∂φ m /∂n, ∂φ n /∂n).
The Y E and Y H are proved to converge in the sense of the mean on the true operator when M → ∞. We can obtain the RCS by using equations (10) and (11), 
Numerical results
Although the incident wave becomes sufficiently incoherent, we should pay attention to the SCL of the incident wave [6] . The degree of spatial coherence is defined by
where r 1 = (ρ, z), r 2 = (−ρ, z), r 0 = (0, 0), r t = (ρ, 0). In the following calculation, we assume B(r, r) = B 0 and kB 0 L = 3π; therefore the coherence attenuation index k 2 B 0 Ll/4 given in [5] is 15π 2 and 150π 2 for kl = 20π, 200π , respectively, which means that the incident wave becomes sufficiently incoherent. The SCL is defined as the 2kρ at which | | = e −1 0.37. Figure 2 shows a relation between SCL and kl in this case and that the SCL is equal to 4, 13. We will use the SCL to represent one of the random medium effects on RCS. Under this condition, we may assume that the fourth-order moment of the Green functions is expressed as the sum of products of the second-order moment, as in the previous paper [6] .
Backscattering enhancement of RCS
We conduct numerical results for normalized RCS (NRCS), defined as the ratio of RCS in random media σ to RCS in free space σ 0 for both cases of E-and H -wave incidences, results which are shown in figures 3 and 4. Here, we point out that we have considered different values of N that depend on the target parameters and polarization of incident waves. For example, N = 36 at δ = 0.2 for H -wave incidence and N = 24 at δ = 0.1 for Ewave incidence in the range of 0.1 < ka < 5 for both cases. As a result, our numerical results are accurate because these values of N lead to convergence of RCS. From these figures, we were attracted by two striking observations that characterize wave scattering from concave-convex targets in random media. The first observation is the difference in the behaviour of the NRCS between both the concave and convex illumination portions apart from the incidence wave polarization. In fact, owing to the double-passage effect, NRCS equals two [1] ; this fact holds when SCL ka, apart from incident wave polarization as shown in figures 3 and 4. However, NRCS deviates from this value with increasing ka and δ; this deviation in NRCS decreases with increasing SCL. For the concave illumination portion, NRCS decreases gradually with some fluctuations for H -wave incidence as a result of the difference in the creeping wave effects between both free space and random media. On the other hand, for the convex illumination portion, NRCS fluctuates slowly around two; this fluctuation increases with δ. This analysis clearly demonstrates the effect of the illumination portion curvature in conjunction with the SCL of the incident waves on NRCS.
The second obsevation is the dramatic increase in NRCS when SCL = 4, ka = 1.6 and δ = 0.2 as shown in figure 4(c) . This enhancement does not occur strongly at SCL = 13 compared with SCL = 4. The strong enhancement will be manifested in subsection 3.2.
The effects of SCL on NRCS, shown in figures 3 and 4, are made clearer by assuming SCL = 7, 9 and comparing figures 5 and 6 with figures 3(c) and 4(c), respectively. Here, we observe that NRCS behaves similarly to the previous cases of different SCL. Also figure 6 reveals that strong enhancement occurs in the same circumstances as figure 4(c) but with less of a peak. 
Strong enhancement of backscattering
We focus on the strong enhancement. First, we observe this phenomenon with the curvature effect of the illumination portion. This effect is clarified by changing δ as shown in figure 7 and comparing it with figures 4(c) and 6. Figure 8 shows the relation between NRCS and both of δ and SCL for convex portion illumination at ka = 1.6. From figure 8 we can see that NRCS has a nearly Gaussian distribution profile with δ and that NRCS reaches its peak at δ = 0.2 in this case apart from SCL. To elucidate the mechanism of such an anomalous increase in NRCS, we consider the scattering problem for beam-wave incidence in free space. Accordingly, the excitation is chosen to be of uniform plane and beam waves. In this regard, let us consider u in (r 1 |r t ) for plane-and beam-wave incidences in free space, to be represented by u in (r 1 |r t ) = G 0 (r 1 |r t )
for plane-wave incidence The beam expression is approximately useful only around the cylinder. The spot size of a beam wave 2W around the target is chosen to equal the SCL of an incident wave propagating in random media. As we have seen previously, the anomalous increase in NRCS is induced when the target size closes to about a quarter of the wavelength of the incident wave in free space and becomes comparable with SCL. Accordingly, we assume kW = SCL/2 = 2 in the following numerical results. Figures 9-11 show NRCS which is defined as the ratio of RCS for beam-wave incidence σ b to RCS for plane-wave incidence σ p . Rendered observations from figures 9-11 are in rough agreement with those shown in figures 3, 4 and 8, apart from the numerical values. The same strong enhancement in NRCS occurs for beam-wave incidence but with less peaking. We think this strong enhancement arises from a resonant phenomenon due to coupling of direct and creeping waves. In fact, the existence of creeping waves circumnavigating the obstacle was verified by interference measurements in the backscattered field with reflected waves [15] . The interference effects are useful for explaining the anomalous behaviour of RCS of non-convex targets as has been pointed out in [16] .
It is readily supposed that the ratio of the enhancement between both the case of a plane wave in random media and that of a beam wave in free space becomes two due to the double-passage effect. However, figures 4 and 10 show that this ratio is not two except for ka 0; this is more remarkable in the case of the concave illumination portion. This fact can be attributed to the difference between the beam-wave width and the SCL of incident waves as shown in figure 12 , i.e. the effective illumination portion becomes larger for the plane wave in random media than for the beam wave in free space. Accordingly, the strong enhancement, which happens in random media for plane-wave incidence, is accepted physically if we consider the increase in RCS in free space for beam-wave incidence. Consequently, our Figure 12 . Difference between plane-wave incidence in random media and beam-wave incidence in free space.
numerical results reveal anomalies in RCS of complex targets in random media for H -wave incidence.
Conclusion
Drawing on the method that assumes a current generator and Green function, we analysed the backscattering enhancement in RCS of concave-convex targets in continuous random media. We demonstrated numerically the difference in the behaviour of normalized RCS (NRCS) between both the concave and convex illumination portions, taking account of incidence wave polarization. Such a difference occurs as a result of both the effect of the target parameters and the SCL of the incident waves around the target in random media.
For the convex illumination portion, NRCS oscillates about two with target size. When the target size closes to about a quarter of the wavelength in free space and becomes comparable with one-half of the SCL of the incident H -wave, NRCS reaches a peak dramatically at certain target shapes. This strong oscillation in NRCS of partially convex targets is considered as an anomalous backscattering enhancement due to coupling of direct and creeping waves. To gain a clear understanding of such an anomalous backscattering enhancement, we have investigated the NRCS of the same target but in free space and with a beam wave. The same oscillation in NRCS happens for H -wave beam incidence but with a smaller peak.
As a result, we make clear numerically the dependence of the backscattering enhancement in RCS of finite-size targets on SCL of incident waves together with the target parameters.
